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Abstract We present a segmented composite HNLF optimised for mitigation of dispersion-fluctuation 
impairments for broadband pulsed four-wave mixing. The HNLF-segmentation allows for pulsed FWM-
processing of a 13-nm wide input WDM-signal with -4.6-dB conversion efficiency. 
Introduction 
Four-wave mixing (FWM) using pulsed or 
continuous wave (CW) pumps have very 
different requirements on the dispersive 
properties of the nonlinear material used1. In our 
recent study1, we show how the FWM bandwidth 
for a pulsed pump is strongly dependent on the 
third order dispersion (β3), whereas CW FWM is 
more dependent on β2 and β4. Therefore, CW 
FWM, as e.g. widely used for optical phase 
conjugation2-3, will often require a different 
nonlinear material than e.g. (chirped) pulsed 
FWM, as often used in e.g. time lens 
applications4-6.  
The highly nonlinear fibre (HNLF) is one of 
the most common media for nonlinear signal 
processing, although the control of the zero- 
dispersion wavelength (ZDW) over the fibre 
length is a major challenge. However, for long 
fibre lengths a very high FWM conversion 
efficiency may be obtained. The SPINE-HNLF7 
is a type of nonlinear fibre designed to keep the 
ZDW very stable, though with a relatively large 
dispersion slope limiting the pulsed FWM 
bandwidth.  
 In this paper we present a composite 
dispersion-flattened HNLF (DF-HNLF), 
consisting of ~50-m segments arranged to 
mitigate ZDW fluctuations which impair the 
FWM bandwidth. The fibre segments are 
arranged in a ZDW “rapid-map”, where the z-
dependent ZDW oscillates around the mean, 
similar to another proposed scheme8 showing 
improved CW FWM bandwidth. The composite 
fibre enables a FWM bandwidth of more than 
70 nm, and allows for a time lens demonstration 
experiment accepting a WDM input signal 
spanning 13 nm with a flat -4.6-dB conversion 
efficiency over all WDM channels.  
Composite fibre of optimally arranged 
segments of HNLF 
Time lens systems based on FWM have a 
number of constraints, which are challenging to 
fulfil simultaneously. They rely on uniform 
phase-matching conditions for pump bandwidths 
demonstrated up to 1.6 THz6, good conversion 
efficiency to avoid signal-to-noise ratio 
degradations, and are sensitive to walk-off. 
Finally, the pump power is limited to below the 
onset of significant self-phase modulation. By 
using a DF-HNLF with low dispersion slope and 
a ZDW near the pump wavelength, the phase 
matching conditions can become uniform over a 
large pump bandwidth with low walk-off. 
However, hundreds of meters of fibre may be 
required to obtain sufficient conversion 
efficiency, and it is challenging to produce 
HNLFs with very low dispersion slope, while 
maintaining a stable ZDW for such lengths, and 
to reliably obtain a target average ZDW.  
Fig. 1(a) shows the ZDW map for a ~1 km 
DF-HNLF, measured destructively with a 
resolution of 50 m. It can be seen that the ZDW 
varies by ~50 nm over the entire length, and by 
>15 nm for any contiguous 500-m segment. 
Although the impairment effects due to ZDW 
fluctuations are supposed to scale with the 
magnitude of the dispersion slope, such 
variations are expected to significantly impact
 
Fig. 1: Measured ZDW map over 950 m DF-HNLF (a), proposed rapid-map fibre rearrangement for the mitigation of ZDW 
fluctuation impairments in FWM (b) and pulsed conversion efficiency in DF-HNLF for various 15-nm variation ZDW maps (c)
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 Fig. 2: Composite DF-HNLF rapid-map of six 50-m 
DF-HNLF segments (a) and CW conversion efficiencies (b) 
the FWM bandwidth.  
To reduce the impact of ZDW fluctuations on 
pulsed FWM, we propose to create a composite 
fibre of DF-HNLF segments to form a ZDW 
rapid-map. The segments are arranged so that 
the ZDW rapidly varies symmetrically around the 
mean ZDW. In this way the accumulated phase 
mismatch is imagined to become partially 
cancelled after each pair of opposite-dispersion 
segments. The effect of a rapid-map 
arrangement for a composite DF-HNLF fibre is 
investigated by solving the nonlinear 
Schrödinger equation with an adaptive split-step 
Fourier method including ZDW fluctuations. The 
change in ZDW is modelled as a vertical shift of 
the β2 vs. frequency curve9. The simulated fibre 
has length 500 m, with average ZDW 1560 nm. 
The dispersion slope is 4.5 × 10-3 ps/(nm2·km), 
β4 = 2.6 × 10-4 ps4/km and the nonlinear 
coefficient γ = 10.8 (W·km)-1. The pulsed FWM 
conversion efficiency for four different rapid-
maps and the original linear ZDW map is 
simulated. The rapid-maps are created from 3 
segments (3-rapid-map) up to 19 segments (19-
rapid-map). The 9-rapid-map is shown in 
Fig. 1(b), where the original fibre with linear 
variation is rearranged into 9 segments. In 
Fig. 1(c) the small-signal pulsed FWM 
conversion efficiency is shown for the different 
fibre arrangements. The pump is placed at 
1565 nm with 25 dBm peak power, and pump 
and signal are 10-GHz, 50% duty cycle 
Gaussian pulse trains. It can be seen that for 
faster variations with shorter segments the 
bandwidth improves, and using 25-m fibre 
segments efficiency close to that for constant 
ZDW is achieved. 
To create a fibre for superior pulsed FWM 
performance, six of the ~50-m segments 
measured for Fig. 1(a) are combined into a 
315-m composite DF-HNLF rapid-map. It is a 
useful feature that the average ZDW becomes a 
flexible design parameter with a sufficient 
number of segments. Here we choose a 
wavelength near 1560 nm to enable conversion 
between the C- and L-bands. The resulting ZDW 
map is shown in Fig. 2(a), indicating the average 
of the ZDWs measured for each segment 
(1561.3 nm), and the measured ZDW after 
splicing (1560.4 nm). The higher order 
dispersion and nonlinear coefficient are the 
same as for the simulated fibre. The losses are 
0.02-0.04 dB for HNLF-to-HNLF splices, with an 
additional ~0.35 dB splice loss per end to attach 
intermediate-mode fibres and pigtails, for a total 
end-to-end loss of ~1 dB. The CW conversion 
efficiency was measured for pump wavelengths 
from 1565.4 nm to 1567.4 nm, with 28 dBm 
pump power launched into the fibre. Similar 
performances at the different pump wavelengths 
are achieved over 90 nm as shown in Fig. 2(b), 
indicating good phase matching uniformity, and 
more than 70 nm 3-dB bandwidth.  
Experimental setup and pulsed FWM fibre 
characterisation 
The performance of the composite DF-HNLF is 
tested in a time lens application5 with 
demanding pulsed FWM requirements. The 
conversion of 32 wavelength-division 
multiplexed (WDM) subcarriers spanning 13 nm 
is achieved using a broadband chirped pump, 
with a flat conversion efficiency of -4.6 dB. The 
setup is shown in Fig. 4. The WDM channels are 
generated from an array of distributed feedback 
lasers (DFBs) with 50-GHz spacing centred at 
1546.3 nm, data modulated using a pseudo-
random binary sequence (PRBS) with binary  
 
Fig. 3: FWM spectrum at the HNLF input with insets showing signal and pump waveforms (a), HNLF output spectrum with all 
WDM channels (b) and output spectrum with the outermost channels enabled and inset showing the ACs after the SSMF (c)
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 Fig. 4: Experimental setup for the fibre characterization. 
OBPF: Optical bandpass filter. ∆t: Tunable time delay. 
PC: Polarization controller 
phase-shift keying, and pulse carved with a 50% 
duty cycle at 10 GHz. The channels are 
decorrelated using a wavelength selective 
switch (WSS1) and amplified to 13 dBm using 
an erbium-doped fibre amplifier (EDFA). The 
pump is carved from a supercontinuum (SC) 
with WSS2 to obtain a rectangular spectrum, 
centred at 1565 nm with a bandwidth of 
600 GHz. The SC is generated by SPM from 
propagation of ~1.5-ps full-width at half 
maximum (FWHM) pulses at 1542 nm from a 
pulse-generating laser (PGL) in 400 m 
DF-HNLF. The pump spectrum is dispersed in 
150 m dispersion-compensating fibre (DCF), 
obtaining a temporal FWHM of 75 ps, and chirp 
rate of K/2 = 8 GHz/ps. The pump is then 
amplified to 28 dBm average power in an EDFA. 
Finally, the pump and signal are aligned and 
coupled into the composite DF-HNLF using a 
3-dB coupler. The HNLF input spectrum is 
shown in Fig. 3(a), with insets showing the 
WDM and pump waveforms. At the HNLF output 
the converted idler is filtered and dispersed in 
L ~ 375 m standard single-mode fibre (SSMF) to 
obtain accumulated dispersion -β2L ~ 1/K, in 
order to temporally focus the converted 
channels within different time slots. Finally, the 
spectrum is recorded using an optical spectrum 
analyser (OSA), and the autocorrelations (AC) 
for individually converted channels are 
measured. The composite DF-HNLF output 
spectrum for the conversion of all 32 channels 
can be seen in Fig. 3(b), showing a flat-top idler 
with ~15-nm 3-dB bandwidth, indicating similar 
performance for all channels, and a -4.6-dB 
conversion efficiency. The conversion efficiency 
is obtained by comparing the integrated power 
of the idler spectrum with that of the input WDM 
spectrum. The spectrum with only the outermost 
WDM channels enabled is shown in Fig. 3(c), 
verifying a uniform conversion performance. The 
inset shows the AC after dispersion, revealing a 
small difference in temporal width. Assuming a 
Gaussian pulse shape, converted channel 1 (i1) 
has pulse width of 1.4 ps, whereas converted 
channel 32 (i32) has a pulse width of 1.1 ps, 
with a target width after dispersion of ~1 ps. The 
discrepancy is thought to be due to differences 
in dispersion from propagation in the SSMF.  
Conclusions 
We demonstrate a composite dispersion-
flattened HNLF for broadband pulsed FWM, 
consisting of segments positioned to reduce 
FWM impairments due to fluctuations of the 
zero-dispersion wavelength (ZDW). The 
conversion of a 13-nm WDM signal with a 
flat -4.6-dB FWM conversion efficiency is 
achieved in a demanding time lens 
demonstration experiment. Furthermore, 
numerical simulations indicate that this 
technique can close to completely compensate 
for linear ZDW fluctuations. 
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